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Abstract

Ceramic metal composites from the ternary Al2O3-Cu-Cr system were fabricated with the use of the slip casting
method. Densities of the obtained composites with 15 vol.% of metal content and different percentage compo-
sition of Cu and Cr were examined by the Archimedes method. The samples’ microstructures, observed by
scanning electron microscope, were analysed with image analysis program in order to determine size distribu-
tion of the metallic areas in the structure. Phase composition of the sintered samples was examined by X-ray
diffraction analysis. Vickers hardness of the samples was tested along with their fracture toughness with the use
of the Vickers indentation technique. The conducted research revealed the correlation between the microstruc-
ture and mechanical properties of the obtained specimens. It has demonstrated the possibility of manufacturing
composites from ternary system with the use of the slip casting method. It was revealed that the addition of the
chromium particles to the metallic phase enhances hardness of the composites. Also, the metallic phase com-
position of the samples affects mechanism of the crack propagation in the material. Although the mechanical
properties have been improved, it was found that the density of the samples was not satisfying and the need for
further analysis has been identified.
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I. Introduction

One of the challenges facing modern engineering
today is the need for continuous improvement of the
materials and their manufacturing technology in high-
performance applications. Although, advanced ceram-
ics with its remarkable mechanical properties can be
considered as an appealing group of materials with a
wide range of both current and future applications, its
use is limited due to the low toughness and plasticity
or high sensitivity to the presence of flaws. Taking that
into consideration, the need for the new ceramic-based
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materials development is justified [1–3]. Ceramic metal
composites with their properties combining the advan-
tages of both ceramics and metal seem to represent the
promising direction for ceramic-based materials devel-
opment [1–3].

Alumina, due to the well-known advantages like re-
fractory, abrasive resistance, high hardness or chemical
stability and accessibility can be used in many possi-
ble application fields. However, alike to other ceramic
materials, alumina brittleness can be considered as the
main limitation of its application [4,5]. Multiple re-
searches have shown that introducing small amounts
of metal particles into the alumina matrix can signif-
icantly improve the mechanical properties of the ma-
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terial and thus increase its application potential. Pres-
ence of different metallic phases such as nickel [6–8],
aluminium [9], iron [10], molybdenum [11,12], tung-
sten [13], chromium [14–20] or copper [21–27] and
their influence on the properties of the obtained ce-
ramic metal composites with alumina matrix has been
the area of scientific interest in recent years. In all of
the researches, incorporation of the metal particles into
the alumina matrix has been proven to enhance a frac-
ture toughness of the obtained composites. Both copper
and chromium have their unique properties, like high
ductility, proper thermal and electrical conductivity in
the case of Cu [21] and high corrosion, oxidation resis-
tance and mechanical strength in the case of Cr [14].
Therefore, both of these systems: Al2O3-Cu and Al2O3-
Cr are quite well represented in the specialist literature.
The literature review on the Al2O3-Cu system indicates
that this type of ceramic-metal composites can be ef-
ficiently fabricated by means of various manufacturing
techniques such as combination of uniaxial pressing and
pressureless sintering [26], hot pressing [21–25] or slip
casting [27]. Available research has proven that the ad-
dition of small amounts of copper into alumina ceramic
matrix resulted in the improvement of the mechanical
properties [21,26] and greater shock resistance of the
composite material in comparison to the pure Al2O3 ce-
ramics [23]. Scientific literature in the case of Al2O3-Cr
system indicates the possibility of use of the hot press-
ing [14,15], uniaxial pressing with pressureless sinter-
ing [14,18], combustion synthesis [19], mechanical and
mechanical-thermal synthesis [17] or slip casting [20]
as the efficient fabrication techniques. In all of the con-
ducted studies, chromium addition to the alumina ma-
trix caused enhancement of the mechanical properties of
the material and its corrosion resistance. Although many
studies have been carried out on different ceramic-metal
systems, knowledge about composites with ceramic ma-
trix incorporated with a metal phase consisting of more
than one metal component still requires attention.

This work focused on the fabrication and character-
ization of ceramic metal composites from the ternary
Al2O3-Cu-Cr system. Composites with up to 15 vol.%
of metal phase with respect to the total solid volume
were prepared with the use of the slip casting method
and pressureless sintering. The metal phase composi-
tion was a differentiating factor in the obtained compos-
ite samples. Selected physical and mechanical proper-
ties of the fabricated composite samples and its correla-
tion with the microstructure and metal phase composi-
tion have been investigated.

II. Experimental

Composite synthesis was carried out with the use
of following powders: α-Al2O3 A16SG (Almatis,
USA) with average particle size 0.5µm and density
3.96 g/cm3, Cu powder (Sigma Aldrich) with aver-
age particle size varied from 14 to 25 µm and density

8.94 g/cm3 and Cr powder (Createc, Poland) with aver-
age particle size > 50 µm. Characterization of the pow-
ders was performed on the basis of data provided by
the producers. Alumina, due to its high hardness, satis-
factory strength properties, high chemical and thermal
shock resistance and low cost in comparison to other
ceramic materials can be considered as one of the most
widespread ceramic oxide materials in advanced ceram-
ics manufacturing. The use of the Al2O3 A16SG pow-
der was associated with its larger grain size than other
commercially available alumina powders such as Al2O3
TM-DAR (Taimei Chemicals, Japan). The use of ce-
ramic powder with micrometric particle size enables
the prepared slurry to liquefy easily. Consequently, this
may result in obtaining composite samples with homo-
geneous metal phase distribution in the ceramic matrix.

In the presented investigations, the composite sam-
ples were obtained with the use of the slip casting
method in the multi-stage fabrication process. Manu-
facturing begins with weighing of the initial powders
in defined proportions and mixing them with defloc-
culant and solvent to produce a slurry. For the prepa-
ration of the slurry, distilled water was used as a sol-
vent. Ammonium salt of polyelectrolyte, commercially
known as DURAMAX D3005, was used as a dispersant
in an amount of 1.5 wt.% with respect to the total weight
of the solid phase. The produced slurry was mixed and
degassed in the planetary centrifugal mixer for auto-
matic slurry mixing and degassing Thinky ARE-250.
The slurry was mixed for 8 min at the rate of 1000 rpm
and then degassed for 2 min at the rate of 2000 rpm.
Prepared slurry, in the next step, was cast into gyp-
sum moulds. The use of a porous mould allowed the
removal of a solvent from the prepared suspension as
a result of the capillary action force which resulted in
the green body. In the next step, green bodies were re-
moved from the gypsum moulds and dried for 24 h at
40 °C and sintered at 1400 °C with 2 h dwell time in re-
ducing atmosphere consisting of 20% H2 and 80% N2.
Despite the fact that composites fabricated from A16SG
alumina should be sintered at 1550 °C according to the
literature data [28], the authors decided to attempt to
sinter the produced composites at a lower temperature
equal to 1400 °C. This selection of the sintering temper-
ature in the research was determined by the low melt-
ing point of copper (1084 °C) [29] as one of the metal
phase components. The authors assumed that the use of
a lower sintering temperature will prevent liquid metal
from leaking during the sintering process.

Six samples with 50 vol.% of solid content and
15 vol.% of metal content with respect to the total solid
volume were prepared. The metal phase consisted of
different percentages amount of Cu and Cr in each sam-
ple, as it is seen in Table 1. Several methods were
used to determine the properties and microstructure of
the sintered composites. X-ray diffraction analysis was
carried out to determine the phase composition of the
sintered composites. The analysis was performed by
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Table 1. Characteristics of the manufactured composite samples

Type of Al2O3- Solid content Metal content Cu content in Cu content in
Cu-Cr samples [vol.%] [vol.%] metal phase [%] metal phase [%]

Series I 50 15 100 0
Series II 50 15 80 20
Series III 50 15 65 35
Series IV 50 15 50 50
Series V 50 15 35 65
Series VI 50 15 20 80

Rigaku Miniflex II X-ray diffractometer with Cu Kα
(λ = 1.54178 Å, 30 kV, 15 mA) radiation in the 2θ range
from 20° to 100° at a step size 0.02° with 5 s counting
time.

The Archimedes method was used to measure ap-
parent and relative density or open porosity. The real
density of the sintered samples was measured by the
Accu Pyc II 1340 helium pycnometer. The measure-
ments were carried out in the two stages: 10 purges and
600 measurements cycles with 0.13 MPa fill pressure
for both stages. Microscopic examinations were carried
out in order to visualize the morphology of the metal-
lic powders and microstructure of the cross-sections of
the sintered samples. Observations of the metallic pow-
ders were performed with the scanning electron mi-
croscope JSM-6610 with a secondary electron detector
(SE). Also, the microstructure of the fabricated com-
posites was investigated using scanning electron micro-
scope Hitachi TM-1000 equipped with a backscattered
electron detector (BSE). The samples were cut using
a precision diamond saw and then mounted in resin,
ground with abrasive paper in the range of 80–4000 gra-
dations and polished using diamond pastes (3 and 1 µm
gradation). Image analysis with the use of the Microm-
eter computer software was performed [30] on the SEM
micrographs of the prepared cross-sections of the sam-
ples. On the basis of the average equivalent diameter of
the metallic areas in the microstructure, determined by

the software, the percentage share of different size frac-
tions of the metallic particles was determined. The anal-
ysis for all samples was performed for ten microstruc-
ture micrographs from different areas of the sample.

Vickers hardness was measured with the use of a
Vickers hardness tester HPO-250 under the load of
196 N and holding time of 10 s. In the experiment for
each specimen, 12 hardness measurements and 10 crack
length measurements were made. The obtained results
represented the average value of the hardness based on
ten indentation measurements. Photographs of the in-
dentations and the measurements of the diagonals were
captured with the SEM Hitach TM-1000. The KIC val-
ues for each sample were determined by the Vickers in-
dentation crack length method. In this method fracture
toughness was examined based on the length measure-
ments of the cracks propagated from the corners of the
Vickers indentation. The Niihara equation was used to
calculate KIC values for each sample [31]:

KIC = 0.018 · HV0.6
· E0.4

· 0.5(2a) · l−0.5 (1)

for 0.25 < l/a < 2.5. In this equation HV is Vickers
hardness, E is Young’s modulus, a is half of indentation
diagonal length and l is crack length.

The presented research has a preliminary character
and the gained results can be treated as a prerequisite
for acquiring the new knowledge in the ternary ceramic
metal system area and its properties.

Figure 1. SEM micrographs and particle size distribution histograms for initial metal powders: a) Cu powder, b) Cr powder
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III. Results and discussion

To characterize powders microscopic observations on
the scanning electron microscope and particle size dis-
tribution analysis of the initial metal powders were per-
formed. SEM micrographs analysis (Fig. 1) showed sig-
nificant diversification in the morphology of the metal
powders applied in the study. The copper powder was
characterized by the spheroidal shape of particles, while
chromium powder had irregular morphology. Image
analysis of the SEM micrographs of the metal powders
was also performed to determine the average particle
size of both metal particles (Fig. 1). It showed that the
copper powder used in the research can be character-
ized by particle size in the range from 4 to 13 µm with
an average particle size equal to 6 µm. In the case of
the chromium particles, it was observed that it is char-
acterized by a greater variety of particle sizes, which
were in the range from 8 to 50 µm with a small fraction
of the particles above 50 µm. On the basis of calcula-
tions made from the micrographs (an example is shown
in Fig. 1b), it was found that the average grain size for
the chromium powder is equal to 18.8µm.

X-ray diffraction patterns of the sintered specimens
are shown in Fig. 2 and confirm the presence of alumina
and copper in the samples without chromium, while in
the specimens with the different amounts of chromium
addition the presence of alumina, copper and chromium
were revealed during the analysis. It can be observed
that regardless of the metal phase composition, no new
phases were present in the analysed composite speci-
mens during the measurement. Additionally, the inten-
sity of the peaks representing metallic phase compo-
nents varied with the metal phase composition. The ob-
tained results revealed that the use of a reducing atmo-
sphere during the sintering process prevents metal phase
oxidation. This results in the three-phase structure in the
obtained composite specimens.

The selected physical properties of the analysed com-
posite samples were presented in Table 2. Analysis of
the obtained results based on Archimedes method indi-
cated that the lowest relative density values character-
ized the samples with the predominance of chromium
in the metallic phase. The lowest relative density was
measured for the Series IV with equal amount of copper
and chromium in the metallic phase and it was equal to
76.43±1.06%. The same sample was also characterized
by the highest open porosity value among all of the ex-
amined specimens, which was equal to 21.16 ± 0.79%.
The highest relative density characterized the sintered
sample from the Series II with 20% of chromium in
the metallic phase. The important information from py-
cnometer measurement is the density of sintered spec-
imens because it helps to determine how much metal
may have flowed from the composites during the sinter-
ing process. Accordingly, in the next step, the real den-
sity of the composites was determined. It was found that
the real density measured for the obtained samples is

Figure 2. XRD patterns of composites: a) Series I: 0% Cr,
100% Cu, b) Series II: 20% Cr, 80% Cu, c) Series III: 35%

Cr, 65% Cu, d) Series IV: 50% Cr, 50% Cu, e) Series V:
65% Cr, 35% Cu, f) Series VI: 80% Cr, 20% Cu
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Table 2. Densities of the obtained composite samples in dependence of the amount of chromium addition in metal phase

Sample Series I Series II Series III Series IV Series V Series VI
Cr content [%] 0% 20% 35% 50% 65% 80%

Theoretical density* [g/cm3] 4.707 4.653 4.617 4.572 4.527 4.491
Apparent density** [g/cm3] 3.88 ± 0.06 3.85 ± 0.06 3.76 ± 0.05 3.49 ± 0.05 3.52 ± 0.04 3.59 ± 0.05

Relative density** [%] 82.36 ± 1.25 82.74 ± 1.22 81.33 ± 1.17 76.43 ± 1.06 77.72 ± 0.94 79.82 ± 1.17
Open porosity*** [%] 16.55 ± 0.83 14.15 ± 1.21 14.54 ± 1.09 21.16 ± 0.79 17.36 ± 0.51 17.29 ± 1.53

*Calculated using rule of mixtures, **Measured by Archimedes method, ***Measured by pycnometer method

Figure 3. Microstructure of composites with different chromium content in metal phase
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lower than theoretical density for all examined samples.
This indicates the density lowering during the sintering
process. Difficulties in sample densification are related
to the observed outflow of liquid copper during the sin-
tering process. In each sample approximately 2–3% of
copper loss after sintering was observed. Unfortunately,
this means that the use of a lower temperature does not
prevent leakage of liquid metal during sintering. There-
fore, it can be concluded that the obtained densities are
not satisfying and have to be optimized in order to ac-
complish improved mechanical properties such as frac-
ture toughness of fabricated samples. It should take into
account that the measurement results of density, espe-
cially in these types of composites, are heavily deter-
mined by the distribution of porosity in the specimens.

Macroscopic observations, performed on the sintered
specimens (Fig. 3), confirm that there are no visible
cracks on the surface of the manufactured samples. The
observation demonstrated that dark areas in the mi-
crostructure stand for the Al2O3 matrix while white and
grey particles correspond to copper and chromium re-
spectively. It was found that the microstructure of the
composites strongly depends on the metal phase com-
position. Based on the presented results it can be con-
cluded that in the samples where the metal phase con-
sists entirely or predominantly of copper, the presence
of numerous metallic particles of irregular shape has
been observed. Whereas, with the changing of copper
and chromium contents in the metallic phase, larger
metallic particles with the morphology similar to that
of the initial chromium particles were observed in the
microstructure. As the sintering temperature for the
composite samples was higher than the copper melt-
ing point, it was assumed that the copper particles were
present in the liquid state during the sintering process

which resulted in the morphology change of the copper
particles in the sintered microstructure. The presence of
copper was also observed between chromium particles
in the observed sample microstructures. The conducted
observations also revealed presence of the high porosity
in the obtained specimens. Reduced sintering temper-
ature, which was meant to limit Cu melting, also can
cause remained porosity observed in the structure of the
sintered samples.

The results of the SEM micrograph image analysis
are presented in Fig. 4. They indicate that along with the
increasing amount of the chromium in the metal phase,
the percentage amount of the larger particles in the mi-
crostructure also increases. In the case of the samples
with only copper in the metal phase, the main share
in the microstructure was observed for particles in the
range from 8 to 10 µm. Small additions of chromium
to the metal phase result in the increasing amount of
the metallic particles below 8 µm in the microstructure.
Along with the increasing amount of chromium in the
metallic phase the percentage of larger particles above
20 µm increases. In all samples with more than 50% of
chromium, a fraction of the particles higher than 50 µm
was also observed. It can be assumed that a small ad-
dition of chromium to the metal phase causes fragmen-
tation of the metal particles in comparison to the refer-
ence Al2O3-Cu sample. However, the amount of larger
chromium particles in the metal phase leads to the in-
crease of percentage of larger metallic areas with d2

value above 25µm in the structure of the obtained com-
posites.

The Vickers hardness results, presented in Fig. 5, re-
vealed the dependence between the hardness value and
metal phase composition of the analysed specimens. It
was proven that even small addition of chromium to

Figure 4. Image microstructure analysis results: a) Series I: 0% Cr, 100% Cu b) Series II: 20% Cr, 80% Cu, c) Series III:
35% Cr, 65% Cu, d) Series IV: 50% Cr, 50% Cu, e) Series V: 65% Cr, 35% Cu, f) Series VI: 80% Cr, 20% Cu
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Figure 5. Vickers hardness and fracture toughness of the
obtained specimens in dependence of Cr content

in metal phase

the metal phase of the Al2O3-Cu-Cr composites results
in Vickers hardness values enhancement for the sin-
tered specimens. The composite from the Series VI fab-
ricated with metal phase consisted of 80% amount of
chromium and 20% amount of copper was distinguished
by the highest measured Vickers hardness value, equal
to 4.2±0.8 GPa. The obtained outcomes indicate that the
lowest Vickers hardness (2.5 ± 0.46 GPa) characterized
the Series I with metal phase consisted only of copper,
without any chromium addition. The results for the rest
of ternary system specimens (the Series II – Series V)
were similar, in the range from 3.1 to 3.9 GPa.

Similar correlation can be observed in the case of
fracture toughness. Analysis of the obtained results
shows that the highest fracture toughness characterizes

the composite specimens from the Series II with 20%
chromium and 80% copper in the metal phase. The KIC

value for this samples calculated with the Niihara equa-
tion was equal to 5.88±0.88 MPa·m0.5. For comparison,
KIC value calculated with the use of same equation for
the composite from the Series I without chromium in the
metal phase was equal to 4.5 ± 0.47 MPa·m0.5. The re-
inforcement is likely a result of ceramic-metal bonding
decohesion and, especially for the bigger metal inclu-
sions, plastic deformation. The presence of the metallic
particles in the composite forces the propagating crack
to bypass or stretch them. The dissipation of crack en-
ergy, both as a result of the plastic deformation and the
necessity of changing the crack propagation path, slows
down the crack and thus enhancing fracture toughness
of the material. The obtained hardness and fracture
toughness results are inconsistent with the values re-
ported by Ji et al. [32] where addition of chromium to
the metal phase effected with composite hardness deteri-
oration but significant fracture toughness improvement.

Vickers indentation analysis allowed to observe influ-
ence of metal phase presence on the crack propagation
in the composite samples (Fig. 6). Several mechanisms
of crack propagation inhibition were observed during
the analysis, i.e. crack deflection on the metallic par-
ticles or crack bridging. Due to the different character-
istics of the metal components in the metal phase it was
observed that crack propagation mechanism is corre-
lated with the metal phase composition. The Series with
predominance of ductile copper in the metal phase (the

Figure 6. Illustrative SEM micrographs of the crack propagation inhibition mechanism in samples with
different metal phase composition
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Series III with 35% of Cr and 50% of Cr) were distin-
guished by crack deflection as the main mechanism for
crack propagation inhibition. The increasing amount of
harder chromium particles in the microstructure had an
effect of cracks propagation through the metal particles
which resulted in increasing amount of crack fragmenta-
tion mechanism as a main crack propagation inhibition
mechanism in the observed samples (65% of Cr). Both
mechanisms were previously observed in the literature.
Ji et al. [32] indicated crack deflection as an accom-
panying mechanism for fracture toughness in material
with weak ceramic-metal bonding. Particle crack prop-
agation was also observed in the case of large chromium
particles.

IV. Conclusions

The conducted experiments showed that Al2O3-Cu-
Cr composites have been successfully fabricated with
the use of the slip casting method. These investigations
reveal that through the selection of appropriate amounts
of the metal components, it is possible to design the
microstructure and optimize the selected properties of
the composite in the Al2O3-Cu-Cr system. The metal-
lic phase composition has significant influence of the
manufactured composites revealed its influence on the
wide range of properties. The addition of chromium
to the metal phase of the composite samples enhances
hardness and fracture toughness in comparison to the
Al2O3-Cu composites fabricated under the same condi-
tions. It has been shown that strengthening in the anal-
ysed composites can be considered as a result of dif-
ferent crack propagation inhibition mechanisms on the
metal particles distributed in the structure. The experi-
ments presented in the manuscript are preliminary stud-
ies. The work on this problem is in progress and new
results will be published in succeeding paper.

Acknowledgements: The study was accomplished
thanks to the funds allowed by The National Science
Centre within the framework of the research project
OPUS 13 no. 2017/25/B/ST8/02036. This investigation
supported by the Foundation for Polish Science (FNP)
(START 2019).

References

1. A. Okada, “Ceramic-matrix composites”, pp. 417–443 in
Handbook of Advanced Ceramics: Materials, Applica-

tions, Processing and Properties. Eds. S. Somiya et. al.,
Elsevier 2003.

2. N. Travitzky, “Processing of ceramic-metal composites”,
Adv. Appl. Ceram., 111 (2012) 286–300.

3. D.D.L. Chung, “Ceramic-matrix composites”, pp. 467–
531 in Carbon Composites. Eds. by D.D.L. Chung, Else-
vier, 2017.

4. W.D. Callister Jr., “Materials Science and Engineering -
An Introduction (5th ed.)”, Anti-Corros. Method. Mater.,
47 [1] (2000).

5. C.B. Carter, M.G. Norton, Ceramic Materials: Science

and Engineering, Springer, New York 2013.
6. X. Sun, JA. Yeomans, “Microstructure and fracture tough-

ness of nickel particle toughened alumina matrix compos-
ites”, J. Mater. Sci., 31 (1996) 875–880.

7. T. Sekino, T. Nakajima, S. Ueda, K. Niihara, “Reduction
and sintering of a nickel-dispersed-alumina composite and
its properties”, J. Am. Ceram. Soc., 80 (2005) 1139–1148.

8. T. Sekino, T. Nakajima, K. Niihara, “Mechanical and
magnetic properties of nickel dispersed alumina-based
nanocomposite”, Mater. Lett., 29 (1996) 165–169.

9. C.G. Ha, Y.G. Jung, U. Paik, “Effect of microstructure on
fracture behavior of Al2O3/Al composite by reactive metal
penetration”, J. Alloys Compd., 306 [1-2] (2000) 292–299.
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sis, “Microstructure and mechanical properties study of
slip-cast copper-alumina composites”, SN Appl. Sci., 1

(2019) 40.
28. M. Gizowska, A. Miazga, K. Konopka, M. Szafran, “The

influence of sintering temperature on properties of Al2O3-
Ni composites”, Compos. Theory Pract., 12 (2012) 33–38.

29. J. Cahill, A. Kirshenbaum, “The density of liquid cop-
per from its melting point (1356 °K) to 2500 °K and an
estimate of its critical constants”, J. Phys. Chem., 66 [6]
(1962) 1080–1082.

30. T. Wejrzanowski, W. Spychalski, K. Rożniatowski, K.J.
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